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ABSTRACT 

A  literature  survey  of  the  published  information  on  the  effect  of 
coatings  and  surfaces  on  dropwise  condensation  has  been  carried  out. 

The  survey  has  shown  that  research  to  date  in  promoting  dropwise  conden** 
sation  has  been  limited  mostly  to  small  scale  laboratory  experiments. 
Ttiere  appears  to  be  a  serious  lack  of  data  on  methods  of  application  of 
various  dropwise  promoters,  useful  life  of  promoters,  effective  concen¬ 
tration,  and  frequency  of  promoter  renewal.  This  lack  of  information  is 
highlighted  by  the  total  absence  of  dropwise  condensation  as  a  factor  in 
design  of  condensers  in  industry. 
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INTRODUCTION 


In  power  generating  systems  utilizing  steam  (e.g,^  electrical 
generation,  ship's  propulsion,  and  nuclear  power  reactor  applications), 
the  steam  leaving  the  power  unit  is  reconverted  into  water  in  a  condenser 
designed  to  transfer  heat  from  the  steam  to  the  cooling  water  as  rapidly 
and  as  efficiently  as  possible. 

The  mode  of  condensation  of  water  vapor  in  these  condensers  is 
important  since  it  determines  the  efficiency  of  the  condenser.  There 
are  two  clearly  distinguishable  ideal  modes  of  condensation,  namely  (1) 
filmwise  -  where  the  condensate  forms  a  continuous  film  on  the  condensing 
surface,  and  (2)  dropwise  -  where  the  condensate  is  in  the  form  of  small 
drops  which  are  segments  of  spheres  similar  in  shape,  but  differing  in 
size.  In-  practical  condensers,  however,  the  condensate  is  usually 
distributed  over  the  cooled  surface  in  an  irregular  manner  in  which  some 
areas  approximate  :dropwise  condensation  and  others  filmwise  condensation. 
This  mode  is  generally  described  as  mixed  condensation. 

There  is  considerable  advantage  in  preserving  dropwise  condansatibh, 
particularly  when  large  heat  transfer  rates  are  desired,  since  the  vapor 
to  condensing  surface  heat  transfer  coefficient  is  of  the  order  of  10 
times  that  for  filmwise  condensation,  and  the  "overall"  coefficient  of 
heat  transfer  is  2  to  3  times  that  for  filmwise  condensation.  Increased 
rates  of  heat  transfer  in  dropwise  condensation  may  be  ascribed  to  (1) 
the  conduction  of  heat  through  the  surfaces  of  drops  being  greater  than 
that  through  an  equal  quantity  of  liquid  spread  as  a  uniform  film  over 
the  same  surface  area,  (2)  the  more  rapid  removal  of  liquid  from  the 
condensing  surface  in  drop  form  due  to  coalescence,  and  (3)  the  high  heat 
transfer  rate  through  the  exposed  area  between  the  drops  or  through  fiie 
very  small  drops. 

Considerable  work  has  been  carried  out  during  the  past  35  years  or 
so  in  devising  methods  for  initiating  and  maintaining  dropwise  condensa¬ 
tion.  Recent  technological  advances  (e.g.,  space  power  systems  and 
saline  water  conversion)  have  brought  about  a  renewed  and  vigorous 
interest  in  the  phenomenon  of  dropwise  condensation.  In  these  cases  as 
contrasted  with  more  conventional  systems,  the  resistance  to  heat  transfer 
provided  by  the  condensing  steam  is  a  significant  part  of  the  total 
resistance  so  that  an  increase  in  the  steam  side  coefficients  can  have  a 
measurable  influence  on  the  overall  efficiency  of  the  system.  In  a 
large  desalination  plant,  for  example,  approximately  50%  of  the  expense 
is  in  the  heat  exchanger  area  and  associated  equipment,  and  an  increase 
in  the  heat  transfer  efficiency  would  result  in  a  considerable  saving 
both  in  investment  and  in  annual  operating  cost.  Therefore,  if  methods 
could  be  devised  to  promote  and  maintain  dropwise  condensation  continuously 
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for  an  indefinite  period  of  time,  the  increased  heat  transfer  rates 
could  be  translated  directly  into  a  proportionate  reduction  of  space, 
weight,  and.  the  cost  of  condensing  equipments • 

Various  system  variables  such  as  heat  flux,  vapor  pressure,  surface 
temperature,  surface  finish,  nature  of  surface  and  wettability,  presence 
of  impurities  and  noncondensible  gases,  vapor  velocity,  surface  orienta¬ 
tion,  thermodynamic  and  transport  pjroperties  of  the  condensing  vapor, 
and  presence  of  dropwise  condensation  promoters  affect  the  coefficients 
of  heat  transfer  in  drop\^ise  condensation.  This  report  details  the 
findings  of  a  comprehensive  literature  survey  carried  out  to  determine 
the  effects  of  coatings  and  surfaces  on  dropwise  condensation. 


MECHANISM  OF  HEAT  .TRANSFER  IN  DROPWISE  CONDENSATION 

Prior  to  discussing  the  effect  of  coatings  and  surfaces  on  coefficient 
of  heat  transfer  in  dropwise  condensation,  it  will  be  appropriate  to 
discuss  various  theori^^s  on  the  mechanism  of  dropwise  condensation.  It 
has  been  accepted  by  all  investigators  that  the  heat  transfer  rates  ’in 
dropwise  condensation  are  much  higher  than  those  in  filmwise  condensation 
under  otherwise  identical  experimental  conditions.  However,  there  is  a 
great  deal  of  disagreement  upon  the  precise  mechanism  by  which  drops  of 
condensation  originate.  There  are  two  widely  different  theories  proposed 
in  the  past,  along  with  a  number  of  variations  of  these  two  theories  as 
explanations  of  the  formation  of  the  droplet 

The  first  main  theory  was  proposed  by  Jakob^  in  1936  which  may  be 
summarized  as  follows.  The  high  heat  transfer  or  condensation  rate  in 
dropwise  condensation  is  due  to  a  direct  contact  of  the  dry  cooling 
surface  with  hot  steam  impinging  upon  it.  The  condensing  steam  covers 
the  cooling  surface  forming  a  thin  layer  of  water  which  continually  and 
quickly  grows  in  thickness  until  it  fractures  to  form  droplets.  This 
thickness  varies  between  zero  and  a  small  value  6.  As  the  drops  coalesce 
and  roll  off  the  surface,  a  portion  of  dry  surface  is  exposed  and  almost 
instantaneously  covered  by  condensation  of  fresh  steam  such  that  the 
process  repeats  itself.  For  a  given  steam  condition,  the  average  thick¬ 
ness  of  this  layer  will  depend  mainly  upon  the  behavior  of  the  nuclei 
initiating  the  condensation,  upon  the  surface,  and  slightly  upon  the 
rate  of  cooling.  If  the  cooling  rate  is  high  (e.g.,  using  a  high  vapor 
to  surface  temperature  drop),  the  drops  of  a  given  size  are  developed  by 
a  layer  of  a  given  thickness  but  in  shorter  intervals  of  time  and  surface 
area.  In  this  case,  greater  cooling  effect  is  brought  into  and  through 
the  layer,  more  steam  condenses  and  more  drops  form,  all  without  changing 
the  average  thickness  of  the  layer.  The  temperature  drop  across  a  layer 
of  this  kind  was  assumed  tc  be  the  same  as  predicted  by  the  Nusselt  theory 
for  filmwise  condensation  However,  the  experimental  results  enable  one 
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to  compute  two  limiting  values  for  the  average  film  thickness,  5. 
From  the  basic  equations  of  heat  transfer, 

Q  =  h  AT  (1) 

where  h  =  coefficient  of  heat  transfer,  Btu/hr  fjt^  op 
Q  =  rate  of  heat  flow,  Btu/hr 
and  AT  =  vapor  to  surface  temperature  difference,  °F 


and  for  heat  conduction  through  a  plane  layer. 

At 

Q  =  k^  ( 

where  k  =  thermal  conductivity  of  the  condensate,  Btu/hr  ft  °F 


we  obtain: 


6  =  k/h  (3) 

A 

Using  the  measured  value  of  h  =  14,000  Btu/hr  °F,  and  assuming, 
the  layer  to  consist  of  steam  (k  =  0.0137  Btu/hr  ft  °F),  the  mean  layer 
thickness  would  be: 

6  »  0.98  X  10"^  ft  (a0.0003  mm) 

corresponding  to  about  l,-000  diameters  of  a  molecule,  this  being  a  very 
thin  layer,  since  the  molecules  have  a  greater  distance  between  them 
in  the  steam.  If,  on  the  other  hand,  the  layer  should  consist  of  water 
in  liquid  form  (k=  0.40  Btu/hr  ft  op),  its  mean  thickness  would  be: 

6  =  =  28.6  X  10”^  ft  («0.009  mm) 

In  view  of  the  above  two  limiting  values,  the  thickness  6  may  be 
considered  to  be  of  the  order  of  0.001  mm.  In  accordance  with  this,  a 
film  such  as  Nusselt's  is  assumed  to  exist,  but  the  following  essenCrlal 
differences.  Nusselt's  film  is  a  stable  layer  of  continually  increasing 
thickness  whereas  the  layer  suggested  by  Jakob  is  unstable  and  changes 
quickly,  but  is  of  a  constant  mean  thickness.  The  thickness  of  Nusselt's 
film  depends  on  the  rate  of  cooling,  the  height  of  the  cooling  surface, 
etc.,  whereas  the  thickness  of  the  Jakob's  layer  in  dropwlse  condensation 
depends  on  the  properties  of  the  surface,  the  purity  of  steam,  etc. 

Only  the  rapidity  with  which  new  layers  originate  depends  on  the  intensity 
or  rate  of  cooling. 

The  second  main  theory  of  dropwise  condensation  was  offered  by  Emmons^ 
in  1939.  He  suggested  that  the  molecular  processes  of  evaporation, 
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condensation,  and  reflection  of  molecules  at  surfaces,  studied  in  con¬ 
nection  with  catalytic  and  electronic  emission  phenomena,  can  be  applied 
in  a  qualitative  way  to  dropwise  condensation. 

Consider  a  vapor  in  contact  with  a  surface  maintained  at  a  lower 
temperature  than  the  vapor.  VJhen  the  rate  of  arrival  of  vapor  molecules 
exceeds  the  rate  of  their  evaporation  from  the  surface,  there  is  a  net 
accumulation  of  molecules  on  the  surface.  Before  the  vapor  molecules 
have  completely  covered  the  surface,  some  vapor  molecules  will  arrive 
on  top  of  the  first  layer.  These  will  arrive  at  the  same  rate  as  before, 
but,  since  the  range  of  atomic  forces  is  extremely  small,  the  rate  of 
evaporation  will  depend  on  whether  the  vapor  molecules  have  a  greater 
or  lesser  affinity  for  each  other  than  for  the  cooling  surface. 

When  the  surface  has  an  equal  or  greater  affinity  for  the  vapor 
molecules  than  the  vapor  molecules  have  for  each  other,  the  molecules 
accumulate  faster  in  the  first  layer  than  in  the  second  and  third  layers, 
and  so  on.  The  cooling  surface  soon  becomes  completely  covered  by  a 
layer  of  condensed  molecules.  In  order  for  more  layers  to  form,  the 
latent  heat  must  now  be  conducted  through  the  layer  already  present. 
Finally,  as  the  number  of  layers  became  large,  they  slip  over  each  other 
due  to  gravity,  and  the  condensate  thus  flows  off  without  exposing  the 
cooling  surface.  This  is  filmwise  condensation. 

On  the  other  hand,  when  the  surface  has  less  affinity  for  the  vapor 
molecules  than  they  have  for  each  other,  the  second,  third  and  subsequent 
layers  of  molecules  form  before  a  first  layer  is  completely  built.  The 
condensed  molecules  gather  into  drops,  which  grow  until  their  weight 
becomes  sufficient  to  move  them  over  the  surface.  Since  the  adsorption 
force  between  the  first  layer  and  the  surface  was  assumed  to  be  smaller 
than  the  mutual  attraction,  these  molecules  are  pulled  from  the  cooling 
surface  when  the  drop  moves  downward,  leaving  behind  a  bare  surface  upon 
which  the  process  can  repeat  itself.  This  is  dropwise  condensation. 

According  to  Emmons,  the  space  between  the  drops  is  bare  in  dropwise 
condensation  and  the  surface  has  an  important  effect  on  the  phenomena. 

The  vapor  molecules  condense  on  striking  the  bare  cooled  surface  and  are 
therefore  at  a  lower  temperature  than  saturated  vapor.  The  importance 
of  the  process  of  reevaporation  is  shown  approximately  by  the  equation 
for  the  rate  of  arrival  of  vapor  molecules  at  the  surface  as  given  by 
the  kinetic  theory  of  gases.  The  rate  of  condensation  of  saturated  vapor 
at  a  pressure  of  1-inch  of  mercury  absolute  would  be  3150  lbs /hr  ft^  if 
there  were  no  reevaporation.  This  is  roughly  300  times  as  great  as 
normally  used  in  power  plant  condenser  practice. 

According  to  Emmons,  therefore,  there  must  be  a  blanket  of  super¬ 
saturated  vapor  covering  the  bare  cooling  surface  between  Che  drops. 
Wherever  this  supersaturated  vapor  comes  into  contact  with  the  surface 
of  a  drop,  condensation  occurs  very  rapidly.  A  local  pressure  reduction 
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tiakes  place  which,  in  turn,  sets  up  local  eddy  currents  in  the  vapor 
between  the  drops.  This  mechanism  is  responsible  for  the  very  high 
heat  transfer  coefficients  in  dropwise  condensation. 

There  is  a  serious  disagreement  between  the  above  two  theories  of 
dropwise  condensationv  Nagle  connented  on  Esmon's  theory  as  follows. 

The  common  experience  of  every  man  when  he  takes  a  bath  is  pertinent 
to  dropwise  condensation.  When  he  is^ in  the  water  and  he  gets  up,  the 
film  breaks  almost  at  once  and  he  is  covered  with  drops.  Therefore, 
he  cannot  have  any  supercooled  steam  or  any  reevaporation  on  him.  The 
sheet  of  water  breaks  and  draws  up  into  drops  due  to  the  oily  nature 
of  the  surface  rather  than  that  the  water  that  is  deposited  as  conden* 
sate  and  is  reevapora’ted.  In  addition,  one  would  expect  that  reevapora¬ 
tion  of  condensate  and  subsequent  condensation  on  the  surface  of  the 
drops  would  result  in  an  abnormally  low  heat  transfer  rate  rather  than 
the  veiry  high  one  found  experimentally.  The  Etnnon's  mechanism  is  also 
in  contradiction  to  that  proposed  by  Eucken^  earlier.  Eucken  proposed 
that  liquid  nucleation  occurs  in  a  thin  layer  of  supersaturated  vapor 
next  to  the  surface,  and  that  in  this  layer  there  is  a  flow  towards  the 
drops  because  of  a  density  gradient  created  by  condensation  on  the 
surface  of  the  drops. 

In  contrast  to  criticisms  of  Emmon^s  theory,  Jakob’s  theory  has 
obtained  support  from  a  microscopic  study  of  dropwise  condensation 
conducted  by  Welch  and  Westwater.^  The  authors  took  high  speed  motion 
pictures  during  dropwise  condensation  on  three  different,  vertically 
aligned,  condensing  surfaces.  Dropwise  condensation  was -induced  by 
adding  0.005  weight  percent  cuprice  oleate  to  the  feed  water  in  the 
steam-supply  boiler.  Steam  to  surface  temperature  drops  varied  from 
0.4  to  47^F  and  the  heat  flux  varied  from  about  5,000  to  85,000  Btu/hr 
ft2.  Their  photographs  showed  that  dropwise  condensation  takes  place 
preferentially  on  the  swept  regions  and  only  slightly  on  the  drops. 

The  film  which  then  forms  on  the  swept  regions  builds  up  to  an  estimated 
critical  thickness  of  about  0.5  micron  before  fracturing  to  form  new 
drops.  The  creation  of  essentially  a  "bare”  surface  between  drops 
provided  the  explanation  of  high  heat  transfer  coefficients  obtained  in 
the  dropwise  condensation  process. 

The  motion  pictures^  showed  that  the  drops  were  segments  of  spheres 
and  had  contact  angles  of  72^  ^  8®.  Numerous  coalescences  were  observed 
to  take  place  between  microscopic  drops.  Whenever  two  or  more  drops 
coalesced,  a  part  of  the  metal  surface  previously  covered  by  the  drops 
was  exposed,  and  a  distinct  flash  of  light  from  the  lustrous  bare  metal 
was  evident.  Fresh  steam  condensed  quickly  on  the  cold  surface  until 
the  luster  was  lost,  indicating  the  presence  of  liquid.  Shortly  there¬ 
after,  tiny  new  droplets  became  visible.  At  their  first  appearance,  the 
drops  were  considerably  smaller  than  0.01  mm  and  thus  were  too  small  to 
permit  accurate  diameter  measurements.  At  low  heat  fluxes,  the  lustrous 
bare  area  was  visible  for  a  longer  period  of  time  compared  to  that  at 
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high  heat  fluxes.  The  time  for  the  first  appearance  of  drops  in  a  bare 
area  was  found  to  be  a  function  of  AT  but  not  a  function  of  the  size  of 
the  area.  A  definite  interdependence  of  the  steam  to  surface  AT,  average 
heat  flux,  and  the  number  of  coalescences  per  unit  area  per  unit  time 
was  noted.  As  heat  flux  was  increased,  the  heat  transfer  per  coalescence 
decreased,  the  bare  area  exposed  per  coalescence  became  smaller,  and  the 
number  of  coalescences  between  small  drops  increased.  The  drops  grew 
faster  and  the  frequency  at  which  the  drops  became  big  enough  to  roll 
down  the  surface  in  response  to  gravity  increased.  A  large  number  of 
small  drops  appeared  in  the  swept  path.  The  study  indicated  that  about 
80%  of  the  heat  transfer  occurred  at  the  bare  areas  and  in  the  thin 
liquid  film  which  form  on  the  bare  areas. 

Based  upon  the  above  observations,  the  authors  proposed  the 
following  equation  to  predict  the  average  steam  side  heat  transfer 
coefficient. 


px  Xc  ^  H 

tj,  At 


(4) 


where  p  =  density  of  liquid,  Ib/ft^ 

X  =  enthalpy  difference  between  the  vapor  and  the 
condensed  liquid,  Btu/lb 

Xc  =  critical  film  thickness  at  fracture,  ft 

tc  =  critical  time  for  film  growth,  hr 

2 

Ag  =  condenser  area  free  of  discrete  drops,  ft 

2 

and  A-p  =  total  area  of  the  condenser  surface,  ft 

The  values  of  and  Ag/Ap  will  depend  on  the  properties  of  the  liquid, 

the  solid,  and  the  promoter.  Since  the  local  metal  surface  must  show 
temperature  fluctuations  as  drops  form,  coalesce,  and  roll  off,  the 
local  AT  is  not  constant,  and  varies  between  zero  and  a  maximum  value. 

In  the  experimental  program,  the  average  values  of  h  and  AT  were  measured 
experimentally  and  that  of  tc  obtained  from  the  motion  pictures. 

Their  conclusions  may  be  summed  up  as  follows.  For  water  condensing 
on  copper  in  a  dropwise  fashion,  the  condensation  directly  on  droplets 
is  insignificant  for  all  drops  big  enough  to  be  seen.  The  condensation 
occurs  primarily  between  drops.  The  region  between  drops  contain  a 
liquid  film  which  builds  up  in  thickness  from  zero  to  the  critical  value 
at  which  time  it  fractures  spontaneously  to  form  new  drops  and  newly 
exposed  bare  areas.  The  bare  areas  cause  growth  of  a  new  layer  which 
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fractures  again  after  reaching  the  critical  thickness.  Whenever  a  film 
fractures,  the  drops  on  its  periphery  gain  liquid  by  coalescing  with 
some  of  the  fractured  liquid  film.  At  a  AT  of  2®F,  as  many  as  1000. 
coalescences  in  series  were  observed  in  the  films  which  resulted  in  one 
final  drop  of  about  2  mm  diameter  after  about  7  seconds.  ^ 

In  contrast  with  the  above  film  fracture  theory,  Umur  and  Griffith^ 
concluded  from  a  recent  investigation-  of  dropwise  condensation  that  a 
film  no  greater  than  a  monolayer  thick  can  exist  in  the  area  between 
drops.  This  finding  is  based  on  both  theoretical  considerations  from 
a  thermodynamic  point-of-view  and  on  an  optical  study.  The  optical 
study  involved  determining  film  thickness  by  noting  changes  in  the 
ellipticity  of  plant  polarized  light  when  reflected  from  the  metallic 
condensing  surface.  These  investigators  also  proposed  a  model  tor  drop 
growth  which  is  consistant  with  experimentally  observed  values  at 
atmospheric  pressure  and  at  lower  pressures  vdiich/have  shown  that  growth 
rate  is  a  function  of  vapor  pressure. 

McCormick  and  Westwater'>®  and  Peterson  and  Westwater^  considered 
the  initial  formation  of  drops  to  be  the  principal  mechanism  in  drop- 
wise  condensation.  They  investigated^  the  identity,  behavior,  and 
effective  range  of  nucleation  sites  during  dropwise  condensation'; 
Furthermore,  using  photographic  techniques,®  they  found  that  the  heat 
flux  at  a  particular  pressure  and  AT  was  dependent  upon  the  population 
of  active  sites.  They  observed8>9  that  the  number  of  active  sites 
always  increased  as  AT  increased  and  concluded  that  drop  coalescence 
plays  an  active  role  in  dropwise  condensation  because  new  drops  can 
nucleate  only  on  active  sites  exposed  to  the  vapor. 

The  latest  theory  of  dropwise  condensation  was  offered  by  LeFevre 
and  Rose^O  in  1966.  They  considered  heat  transfer  arising  from  condensa¬ 
tion  on  a  single  drop  and,  by  means  of  an  assumed  distribution  of  drop 
sizes,  deduced  the  mean  heat  transfer  rate  for  the  whole  surface.  The 
three  principal  physical  phenomena  considered  in  the  evaluation  of  the 
heat  transfer  through  a  single  drop  were:  the  effect  of  surface  tension 
on  the  relations  between  the  temperature  and  saturation  pressures  for 
either  side  of  a  curved  interface,  conduction  through  the  drop,  and 
dissipation  associated  with  matter  transfer  by  condensation. 

Thus,  it  appears  that  while  advances  have  been  made,  the  mechanism 
of  dropwise  condensation  is  far  from  being  clearly  understood. 


LITERATURE  SURVEY 

Criteria  for  Dropwise  Condensation 

To  analyze  factors  which  determi^ie  if  the  condensation  process  in 
a  given  system  will  be  filimdse  or  dropwise,  it  will  be  necessary  to 
examine  the  forces  acting  on  a  condensed  drop.  Tiie  forces  acting  upon 
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a  droplec  adhering  co  a  surface  are  represented  in  Figure  1,  vhere 

^sl  r^P^^senc  the  incerfacial  tensions  which  are  equiva¬ 
lent  to  the  surface  nolecular  forces  at  the  liquid-vapor,  solid-vapor, 
and  solid- liquid  interfaces.  At  equilibriua: 


?  =  a 


sv 


"si 


=  a 


COS0 


Iv 


(5) 


where  ?  is  defined  as  the  Adhesion  Tension.  6  is  the  contact  angle  of 
the  droplet.  For  €751)  <  0,  @  >  si/2  and  the  liquid  withdraws 

fron  the  solid  surface  to  fora  droplets.  However,  for  fosv  ^  €?sl)  >  ^Iv 
Equation  (5)  cannot  be  satisfied  and  there  can  be  no  equilibrium  thereby 
causing  filnvise  condensation.  Therefore,  the  function  of  a  dropwise 
proaoter  is  co  reduce  the  surface  tension  of  the  solid-vapor  interface, 
while  not  reducing  proportioxiately  the  solid-liquid  and  liquid-vapor 
interfacial  tensions. 


Dropvise  Condensation  Using  Femanent  Coatings 

Investigaticm  of  the  phenoaenon  of  dropvise  condensation  has  shown 
that  it  is  possible  to  stinilate  and  naintain  drcpvise  condensation 
using  promoters  applied  to  the  condensing  surface  either  as  permanent 
coatings  or  as  continually  or  intemittently  applied  cocq>cunds.  Ideally, 
a  peraancnt  nonvettable  surface  would  be  the  best  method  of  producing 
dropvise  condensation.  This  coating  could  be  applied  to  the  condensing 
surface  at  the  time  of  manufacture,  and  the  condenser  would  continue  to 
yield  dropvise  condensation,  during  its  lifetime.  Hawever,  the  survey 
has  shown  that  thare  is  no  such  things  as  a  "permanent  coating.** 
Published  information  on  various  available  perrsanent-type  coatings,  their 
effectiveness  in  maintaining  dropvise  condensation,  and  their  contribu¬ 
tion  to  the  thermal  resistance  or  the  ccmdensing  surface  are  discussed 
below. 

Under  a  U.  S«  Navy  Contract,  Vestinghouse^^  investigated  the  use 
of  permanent,  nonvetting  agents  for  the  coating  of  steam  condenser  tubes. 
A  screening  apparatus  was  set  up  to  check  the  heat  transfer  rates  and 
indicate  durability  of  several  promoters  prior  to  testing  on  actual 
pilot  condenser.  The  promoters  investigated  in  this  laanner  w^ere  Dow 
Coming  Silicones  DC-1107,  R-671,  XR-4010,  R-875  and  R-991,  and  teflon 
(polytetrafluoro  ethylene).  The  initial  check  showed  that  XR-4010, 

R-875  and  R-991  were  completely  ineffective.  The  performance  of  other 
coatings  is  shown  in  Figure  2.  The  observed  improvement  in  overall 
coefficient  of  heat  transfer  over  the  uncoated  plate  was  approximately 
50%  for  DC-1107,  207»  for  teflon,  and  157o  for  R-671.  An  examination  of 
the  duration  of  effectiveness  of  these  coatings  on  flat  copper  plates 
showed  that  teflon  was  the  only  coating  of  sufficient  life  expectancy 
(over  125  hours)  to  warrant  further  investigation. 
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The  heac  exchanger  zubes  in  rhe  final  cesc  vere  90-10  copper  nickel 
arranged  horizoncally  in  4  raas  and  9  colunns,  and  separaced  by  a  verci- 
cal  baffle  in  becveen  dse  second  and  third  rov.  The  18  cubes  on  one  side« 
of  the  baffle  vere  coated  vith  0«5  siil  thick  ze£lca  and  the  18  tubes  on 
the  other  side  of  the  baffle  vere  uncoated  to  facilitate  cooparison. 

Ihe  results  are  shovn  in  Figure  3. 

After  approxinately  40  hours  of  experisaentation,  dropvise  ccndensa- 
cion  vas  observed  on  the  uncoated  tubes  also  vhich  vas  ascribed  to 
surface  concaninatlcn  by  oil  carried  over  vith  the  steaa,  The  results 
for  the  oil  contaainaied  cube  are  also  plotted  in  Figure  3  for  cocrpari- 
son*  It  ziay  be  seen  that  the  overall  coefficient  of  heat  transfer 
isproved  22Z  and  50%  respectively  for  the  teflon  coat^  and  the 
coQtaninated  cubes  over  the  uncoated  tubes* 

Socae  experioental  vcrk  has  been  carried  cjuc  at  the  U.  S*  rHaval 
Ship  Resea^rch  and  Oevelogcaent  Center,  Annapolis,  Maryland,  to  determine 
the  effectiveness  and  curabilisy  of  teflon  over  a  period  of  time*  For 
this  purpose,  a  siiall  3-pass,  74* tube,  air-ejector  after-condenser  vas 
caodified  to  serve  as  a  test  condenser  for  the  teflon  coated  CMsbes^  Ike 
tubes  vere  5/8-inch  0*D.,  !Cb*  185%  of  98-10  copper-nickel,  coated  vith 
0*0005-inch  teflon  cki  the  outside*^ 

The  condenser  vas  operated  for  a  total  period  of  4534  hours  vith 
heat  transfer  evaluation  tests  at  four  intervals;  at  the  start  of  the 
test,  and  after  703,  2652,  and  4534  hours.  Ihe  performance  of  the 
teflon  coated  cube  condenser  after  4534  hours  shoved  a  reduction  in  the 
overall  heat  transfer  coefficient  of  approximately  22%  of  the  value  at 
the  start  of  test.  This  decrease  vas  attributed  to  a  gradual  transition 
from  drepvise  to  filrvise  condensation  vhich  increased  the  heat  f lev 
resistance*  This  apparently  occurred  due  to  a  thin  film  of  iron  oxide 
chat  enveloped  the  tube  condensing  surface  and  affected  the  ncxnretting 
property  of  teflon  coating*  Hovever,  evaluation  tests  conducted 
after  the  steam  side  of  the  cubes  vas  cleaned  shoved  that  soce  permanent 
deterioration  of  the  nonvetting  property  of  teficxi  had  ocensrred*  Ihe 
removal  of  iron  oxide  increased  the  heat  transfer  coefficient,  but  did 
not  restore  then  to  the  original  valve  obzained  at  the  beginning  of  the 
tests.  Ihe  results  of  these  tests  are  tabulated  in  Table  1* 

Topper  and  Baer^  introduced  the  concept  of  using  teflcxi  on  tubular 
surfaces  to  obtain  dropvise  condensatiem  as  earl^^  as  1955-  shoved 

considerable  imorovenent  in  the  overall  coefficient  of  heat  transfer* 
Later,  Svortzel^^  used  teflon  to  induce  dropvise  condensation  of  steam 
on  a  vertical  condensing  tube-  The  condensation  vas  carried  out  at 
acnospheric  pressure  on  a  35-inch  long,  1/2-inch  I-D.  copper  tube.  The 
nechod  of  application  of  teflon  consisted  of  first  lightly  sandblasting 
the  tube  to  assure  a  clean  surface  folloved  by  spraying  the  tube  with 
one  coat  of  teflon  and  fusing  rt  in  an  electric  oven  at  700^-  The 
thickness  of  the  teflon  filo  vas  found  to  be  less  than  0-001  inch-  He 
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found  the  coodeasing  steas  fils  coefficients  to  be  frcQ  240  to  330  per¬ 
cent  over  those  of  the  copper  cube  before  it  vss  coated  vith  the  teflon 
promoter. 

Depev  and  Reisbig^  conducted  an  experimental  prograa  to  study  the 
behavior  of  a  0.00025-inch  thick  fils  of  teflon  to  promote  dropvise 
condensation  on  a  1/2-isLch  O.D.  aluxsimra  tube,  rhe  cube  vas  aounted 
horixoutally  and  both  the  dropvise  and  filsiise  condensations  were 
studied.  *^ey  found  chat  corves  of  heat  traxisfer  coefficients  versus 
vapor  to  surface  tesperacure  drop  in  drosvise  and  filrs^se  cccdensation 
coQverged  as  the  tes^racure  drop  becase  large.  Ibis  vas  caused  by  the 
rapid  forsatlon  of  drops  which  tend  to  blanket  the  condenser  surface 
vith  liquid  at  high  beat  fluxes*  The  authors  also  found  Chat  highest 
heat  transfer  coefficients  were  obtained  with  thinnest  teflmi  files 
because  cf  the  high  theraal  resistance  of  teflon.  A  teflon  fils  thick¬ 
ness  of  0«00025-inch  provided  12.5  tines  as  natch  thersal  resistance  as 
the  0.02-inch  thick  alucdncn  vail  of  the  condenser  tube  and  about  3 

note  than  the  condensing  film  itself.  Ibis  shows  that  the  thick¬ 
ness  of  Che  teflon  fils  is  an  isportant  parameter  and  it  should  be  kept 
at  a  tfrfnfianaB  to  Isorove  tha  overall  performance  of  the  tef Icu-coated 
condenser  tubes.  It  is  claimed  that  teflon  films  as  thin  as  0.00905 
inch  can  be  produced  although  the  prodcctioa  of  such  a  thin  fils  will 
be  ODSt  difficult. 

A  short  experimental  program  to  induce  dropwise  condensation  using 
teflon  was  also  carried  out  at  Che  iiaval  Civil  Engineering  Laboratory 

reported  in  1963  by  Satumino.^  He  observed  chat  dropwise  condense- 
ticxi  gave  overall  heat  transfer  coefficients  which  were  2  to  5  ciaes 
greater  than  those  corresponding  to  filmwise  condensation.  Xhe  teflon 
thickness  in  these  experiments  vas  estimated  at  0.001  inch. 

Erb  and  Ihelca^^»^®  and  Erb^5>^®  have  been  conducting  a  research 
program  in  dropvise  condensation  at  the  Franklin  Institute  Research 
Laboratory  using  gold,  silver,  and  ?arylene-N  polymers,  as  condensation 
proooters.  Srb-^  reported  that  a  0.127u  thick  coating  of  gold  on  127u 
thick  silver  on  127u  chick  nickel  on  90-10  copper-nickel  tubes  produced 
dropvise  condensation  even  after  3650  hours  of  continuous  operation  with 
steae  at  101^.  An  improvement  in  the  overall  coefficient  of  beat  trans¬ 
fer  of  50X  vas  obtained.  Ihe  estimated  cost  of  this  coating  vas  $1.02 
per  sq  ft  of  the  tube  surface.  Erb  and  Thelen^^  have  reported  that  a 
coating  of  silver  on  316  stainless  steal  tubes  provided  good  dropvlse 
condensation  fres  distilled  water  as  veil  as  seavater.  A  coating  of 
silver  sulphide  on  mild  steel  tubes  vas  also  claimed  to  provide  drop- 
visa  condensation  for  over  7500  hours  of  continuous  operation.  The  use 
of  Parylene-H  polymers  in  oromoting  dropvise  condensation  vas  also  demon¬ 
strated  by  Erb  and  Tbelen.“  They  formed  a  0«25p  thick  film  of  Farylene- 
H  pol3rmer  coating  on  chrome-plated  90*10  copper-nickel  tubes  and  obtained 
dropwise  condensation  for  over  2600  hours  of  continuous  operation.  Using 
steam  at  1I4^C,  an  Increase  in  tbe  overall  coefficient  of  heat  transfer 
of  38X  vas  obtained. 
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Recently,  £rb  has  been  successful  in  caincainicg  dropvise  conden- 
saticQ  continuously  for  over  a  year  on  90*10  copper*nickel  vhich  had  a 
5ii  thick  brigl^t  silver  deposit  followed  by  a  0*025ji  thick  electro- 
deposited  gold.  Cocpared  to  the  unplated  tube,  the  heat  transfer 
efficiency  vas  found  to  be  increased  by  up  cc  lOOZ.  Also,  he  has 
observed  a  40Z  Increase  in  the  overall  coefficient  of  heat  transfer  after 
2  years  of  continuous  condensation  using  l;i  thick  deposit  of  ?arylcne-H 
on  chroslas  plated  90-19  copper-nickel.  Additional  stales  are  ncv  being 
coxuzucted  on  coatings  based  ca  gold,  silver,  Paryleae-X  polyraers,  teflon, 
and  other  fluoro-carbon  resins. 

Dropvlse  Condensation  Using  Organic  Procsoters 

Ho  condenser  tube  material  having  the  cccbinalion  of  thert^al, 
oechanical  and  chemical  properties  required  for  sustained  drop^dLse 
condensation  has  yet  been  found.  Iherefore,  the  condenser  surface 
properties  oust  be  altered  vith  the  application  of  a  thin  l^er  of  s<»e 
substance  having  a  low  affinity  for  the  vapor  and  a  very  high  affinity 
for  the  s:etal. 

Investigators  have  been  testing  a  wide  variety  of  organic  compounds 
to  produce  dropwise  condensation.  Any  cocrpound  which  consists  of  a 
relatively  active  radical  would  be  suitable  for  this  purpose  if  the 
solecules  ware  oriented  with  the  active  part  adsorbed  on  the  cooling 
surface,  and  the  inactive  part  acting  as  a  surface  upon  which  the  vapor 
oolecules  can  condense.  In  such  an  arrangement,  the  active  promoter 
needs  to  be  only  one  molecular  layer  thick.  In  computing  the  amount 
of  prcKaoter  required  to  fom  one  molecular  thick  layer,  allowance  should 
be  jaade  for  the  relatively  rough  surface  finish  of  cotcercially  availa¬ 
ble  condensing  surfaces  which  will  result  in  a  corresponding  increase 
in  the  active  surface  area. 

Drew,  Nagle  and  Snith^l  conducted  one  of  the  earliest  series  of 
tests  to  determine  the  effectiveness  of  various  organic  compounds  in 
proooting  dropwise  condensation.  Their  findings  are  detailed  in  Table  2. 
Only  those  coopounds  which  caused  dropwise  condensation  to  be  maintained 
for  at  least  24  hours  without  promoter  renewal  are  listed  in  the  Table. 
Host  of  these  tests  were  carried  out  with  steam  condensing  at  atmospheric 
pressure.  They  concluded  that: 

-  mineral  oils  are  ineffective  as  promoters  for  condensation  on 
metal  surfaces 

-  higher  molecular  weight  fatty  acids  are  very  effective  promoters 
for  all  metals 

-  alcohols,  organic  nitrogen  compounds,  and  halide J  are  ineffective 
as  promoters 


12 


-  only  those  subscances  ^’bich  are  scrongly  absorbed  or  ocbervist: 
flrnly  held  co  the  condensing  surface  are  significant  dropvise 
promoters 

22 

JJagle  et  al  conducted  tests  on  a  2-i/2-inch  I.D.  x  2-7/8-inch  0,i>.  x 
24-inch  long  vertically  counted  copper  pipe.  Dropwise  condensation  of 
steaa  vas  carried  out  on  the  outer  surface  of  this  tube  at  3  psig  using 
oleic  acid  as  the  dropvise  pronott^.  They  obtained  overall  heat  transfer 
coefficients  vhich  vere  SOX  to  35CiX  greater  than  those  in  filnsilse  con¬ 
densation  under  identical  operating  conditions,  vith  an  average  icpro^-'e- 
tr^nt  of  about  88X. 

Facica  and  Katz*"^  carried  out  ceasurecents  of  heat  transfer,  contact 
angle,  and  nurroer  of  drops  per  unit  area  on  a  3-inch  x  1-xnch  copper 
place  counted  vertically.  The  droprase  condensation  vas  prosoted  by 
stearic  and  oleic  acids  on  copper,  chrosed  copper,  and  nickel  placed 
copper  surfaces.  They  observed  a  substantial  increase  in  the  overall 
coefficient  of  heat  transfer  compared  to  that  obtained  in  filrwTise  con¬ 
densation.  ihe  experience  of  Eacpson^^  in  Britain,  however,  ha^  shcr^ 
that  the  use  of  oleic  acid  as  a  promoter  was  not  always  successful 
vhereas  the  use  of  benzyl  mercaptan  vas  always  successful  on  copper  or 
brass  surfaces.  Hanpsoa^^  also  found  xanthates,  dithiophosphates, 
S3^thetic  resins  such  as  bakelite  and  the  siliconer  to  be  effective  in 
caintaining  dromi.se  condensation.  He  alsu  noted  tlsat  an  excess  of 
proooter  on  the  surface,  which  resulted  iron  its  injections  into  the 
steao,  caused  a  considerable  reduction  in  the  heat  transfer  rate  in 
drcpwise  cc^densaticm.  His  work  included  investigation  of  the  effects 
of  surface  finish  on  dropwise  condensation  which  will  be  dealt  later 
in  this  survey* 

Filning  anines,  e.g. ,  have  been  shown  by  Tanzola  and 

Wiedrzan^S  to  induce  dropwisc  tr-ideasatioa  on  ioetal  surfaces  thereby 
increasing  the  overall  coefficient  of  heat  transfer  by  a  factor  of 
three  when  used  in  full  scale  stean  plants.  This  increase  is  very  sub¬ 
stantial  in  view  of  the  fact  that  the  overall  coefficient  of  heat  trans¬ 
fer  is  controlled  by  a  nusber  of  thernal  resistances  only  one  of  which 
is  controlled  by  the  condensation  isode.  Biis  aay  be  Illustrated  by  an 
exaxaple.  Consider  a  practical  condenser  as  represented  in  Figure  4. 

Ihe  overall  coefficient  of  heat  transfer  nay  then  be  written: 


^  j,  1 
U  K  ■  hj  ■  h2  h3 


(6) 


where  K  =  thermal  conductivity  of  metal  wall  of  the 

condenser,  Btu/hr  ft 

t  =  thickness  of  the  metal  wall  of  condenser,  ft 
hi,  h2  and  =  coefficients  of  heat  transfer  as  shewn  in  Figure  4 
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Assuming  the  condensing  surface  to  be  1/4-inch  chick  cast  iron,  a 
conductance  of  cmdensing  sceao  of  1000  Bcu/hr  ft^  a  conductance 
of  heated  vacer  of  300  Bcu/hr  fc^  and  3  corrosion  filn  conductance 
of  150  Bcu/hr  fc^  ®F,  the  overall  coefficient  of  heat  transfer  is  given 
by: 


U  = 


0.25 


1000  300 


320 

=  85  3tu/hr  ft^  cp 


1 

150 


The  use  of  a  promoter  generally  prevents  corrosion  of  the  condensing 
surface  cherby  elininacing  its  resistance  to  heat  transfer.  It  nay 
nov  be  noted  that  to  obtain  a  3-fold  increase  in  the  overall  coefficient^ 
a  20-fold  increase  in  condensing  coefficient  is  necessary.  To  translate 
this  order  of  nagnitude  of  inproveitent  in  the  condensing  coefficient  to 
the  overall  coefficient,  it  will  be  nec2SS2ry  to  increase  the  water  side 
conductance  and  decrease  the  themal  resistance  of  the  netal  wall  b^* 
similar  proportions . 

Blackman  and  coworkers'^  investigated  a  number  of  compounds  which 
could  be  used  to  promote  dropwise  condensation.  They  concluded  that 
active  promoters  have  in  the  xnolecule  an  unhindered  hydrocarbon  chain 
which  confers  water-repeliency  on  the  compound  and  an  '^anchoring**  group 
^diich  is  usually  a  divalent  sulphur  atom.  This  investigation  is  con¬ 
sidered  to  be  the  most  elaborate  stud^^  in  dropwise  promoters  to  date, 
and  will  be  discussed  in  some  detail  here  in  order  to  list  the  various 
pr<Kaoters,  their  effective  lives,  and  their  minimum  concentration 
necessary  to  cause  dropwise  condensation. 

In  all  of  the  tests,  the  following  precautions  and  method  of 
promoter  application  to  the  condensing  surfaces  were  observed.  All 
traces  of  grease  and  other  possible  contaminants  were  removed  from  the 
apparatus.  The  condensing  surface  consisted  of  bright  polished  metal 
and  the  condenser  tube  was  completely  wet  table  with  cold  water.  Succes¬ 
sive  treatments  with  emery  paper,  mild  abrasive  powder,  and  a  mixture 
of  mild  abrasive  powder  and  detergent  powder  produced  the  desired  con¬ 
densing  surface.  The  promoter  was  generally  applied  to  this  condensing 
surface  in  the  form  of  a  solution  in  a  low  boiling  solvent,  e.g. ,  ether, 
acetane  or  carbon  tetrachloride.  A  solution  strength  of  about  1%  was 
used. 

The  compounds  listed  in  Table  3  were  found  to  produce  perfect  drop- 
wise  condensation  (i.e.,  no  fllmwise  condensation)  for  at  least  500 
hours,  during  which  time  the  condensate  showed  no  change  in  appearance. 
For  some  promoters,  condensation  was  terminated  for  a  few  days  and 
restarted  successfully.  Some  other  promoters  were  tested  for  even  longer 
periods  of  time  and  found  to  maintain  dropwise  condensation  over  the 
entire  duration  of  testing  with  no  deterioration.  These  compounds  are 
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list«d  in  Table  4.  Three  proiacters  were  tested  on  brass  and  copper 
surfaces  to  deteraine  ai-in-ianiin  promoter  concentration  necessary  to  sus¬ 
tain  dropwise  condensation.  The  nlniimna  effective  concentrations  of, 
these  promoters  are  listed  in  Table  5.  The  authors  concluded  that  the 
■iniaua  effective  concentration  of  the  compound  might  depend  upon  any 
one  or  more  of  the  following  factors:  (a)  actual  concentration  of  the 
compound,  (b)  the  salecular  concentration  of  the  compound,  (c)  the 
molecular  concentration  of  sulphur,  and  (d)  the  molecular  concentration 
of  the  active  hydrocarbon  radical. 

Table  6  lists  a  total  of  13  compounds  which  promoted  perfect  drop- 
wise  condensation  but  were  tested  for  only  2  hours.  Four  other  com¬ 
pounds  tested  were  found  to  be  either  poor  or  completely  ineffective 
dropwise  condensation  promoters.  The  ineffectiveness  of  sodium 
dode^lsulphonate  (Ci2H25S03*Na)  led  the  authors  to  believe  that  a 
sulphur  atom  having  all  of  its  valence  electrons  in  use  cannot  form  a 
bond  with  the  metal  surface.  This  conclusion  was  cenfirmed  by  testing 
dioctadecyl  sulphoxide  {[(Ci8H37)2S0j  and  sulphane  [(Ci8H2y)2S023  for 
effectiveness  as  dropwise  condensation  promoters.  The  former,  which  has 
two  unused  valence  electrons,  was  found  to  be  an  effective  dropwise 
promoter  whereas  the  latter,  which  has  no  unused  valence  electrons,  did 
not  promote  dropwise  condensation. 

The  authors  concluded  that  compound  which,  when  oriented  at  the 
metal  surface  in  a  monolayer,  presented  an  "unhindered"  hydrocarbon 
surface  to  the  steam,  were  successful  in  promoting  dropwise  condensation. 
The  surface-active  groups  contained  divalent  sulphur  or  selenium.  No 
correlation  between  the  structure  of  the  compound  and  their  effective 
life  was  obtained. 

Furman  and  Hampson^®  have  also  reported  an  experimental  investiga¬ 
tion  in  filmwise  ai-d  dropwise  condensation  of  steam.  A  strong  solution 
of  dioctadecyl  xantt'ot,"*.,  Cj^3H37*0-C*S*S»Ci8H37,  in  carbon  tetrachloride 
was  applied  to  the  condensing  surface  to  promote  dropwise  condensation 
which  improved  the  overall  coefficients  of  heat  transfer  by  a  factor  of 
between  2  and  3.  Welch  and  Westwater^  found  cupric  oleate  an  excellent 
promoter  on  copper,  stainless  steel,  inconel  and  copper-nickel  surfaces. 
The  promoter  was  found  to  be  ineffective  on  aluminum  and  monel.  With 
this  promoter  using  a  copper  surface,  perfect  dropwise  condensation 
occurred  with  ethylene  glyuoi  and  glycerine. 

Bobco  and  Gosman^S  used  fluorochemicals  as  dropwise  promoters. 
Ferfluorinated  acids  were  found  to  produce  dropwise  condensation  of 
pure  vapors  of  iso-octane,  iso-heptane,  cyclo-hexane,  carbon  disul¬ 
phide,  and  decalin.  The  use  of  these  compounds  in  practical  condensers 
is,  however,  questionable  due  to  their  corrosive  action  on  the  condensing 
surface  and  their  short  useful  life  as  condensation  promoters. 
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Dropwise  Condensation  for  at  least 
1730  hours 


1350  hours 
1680  hours 

3530  hours 

1850  hours 


Table  5.  Minimum  Effective  Concentration  of  Promoter 
for'Dropwise  Condensation  (Reference  27). 


Table  6.  Coopjonds  chat  Prosaated  Perfecc  Qropvise  CoadeasacioQ 
(tested  oaly  for  2  boors,  referesce  27). 


1.  CjgH2^0-CS-S*(CH2)jQ*aX)H 

2.  CjgH37S.CS.O.(CH2)ig*O.CS-SCjgH3^ 

3.  C^gH3^C0.SC^2H23 

4.  Cj^2®25*S'CO'CCH2)j^g-SCS 

5.  CHg-C0-NH*CS-S-(CH2)jQ*C0-SCj2H2.; 

6.  HS*  (CH2)j^g-C0-S-  (CH2)jq'S*(X)(CH2)  j^g-SH 

7.  CHg-CO-NH-CS-S-  (CH2)j^q*C0-S-  (CH2)jq*S-C0-  (CH2)jq'S-CS-KH.CX)-CH3 

8.  Se*CM*(CH2)j^g*Se-CN 

9.  NH2*CO*S-(CH2)j^g-S-CO-NH2 

10.  Cj^2®25‘^® 

11.  C,gH3^-S*C*(NH2)2*0*CgH2(N02)3 

12.  C^gH32.S.C,2H25 

13.  CaKc-SH 
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Iicscsaa  23d  caxrarScers^  ssxjgescad  s&e  ose  of  dcri^resd  frcm: 

gelzacs  as  s^^-nnocers.  ^bfiy  rergmaadea  thst  cse  of  Soitas-leaf  «c2r,  iris^. 
peac  U2Z  231.  moQcan  tggc.  ’iE:ese  tuatzes  cocsSsc  of  escers,  acids  acd 
alcoools  of  &jdrocarcocs  vzth  chain  Igagghs  of  becu^^n  ^  asd  33  carbjx: 
airoos,  and  are  comparable  v£rb  cbe  fjlaticg  aniSnes  and  smlgcsir^lSsAed 
S^rdrocarfcons  naTOOg  -ffi3  and  -CEM®  "^anchors”*  in  place  of  sdse  -S3»  and  -SI 
anchors  oar  ^Sxh  coosideraolj  lopger  S^drocarboo  chains.  Ibe^T  fcccd  gbac. 
CO  maincain  bigpesc  valce  of  cne  overall  bear  cransfer  coefficients  on 
a  copper  cebe,  is:  was  necessary  to  injecc  cfce  premorer  ac  cbe  race  of 
0.1  g;n  per  sq  fc  of  the  coodeaser  scrfece  ac  incervals  of  2&0  beers- 
Ibe  cine  interval  had  co  be  reccced  co  ICDO  boers  for  scccessfbl  drepwise 
coniensarioa  on  alcmincrs^  brass  and  ccpro-nickel  condensing  scrfaces. 

Osnenc  and  coworfcers^^  performed  a  series  of  life  cests  ca  nine 
organic  promocers  and  focsr  differenc  crecals  nsing  indnstrrial  sceamu  Iba 
fcor  me  cals  ^ere  70-30  brass,  SL  alcraiatna  brass,  70-30  ccpro-nichel  and 
monel.  Use  steam  was  obtained  directly  frocn  t&e  plant  boiler  and  supplied 
to  the  condensers  at  abont  atmospheric  pressure.  Ihe  condenser  cubes 
were  promoted  by  complete  innersion  in  a  solution  of  the  promoter  for 
15  minutes.  Ihe  treated  tubes  were  exposed  to  air  for  2,  6,  or  24  hours 
before  being  fitted  into  the  condenser.  Each  coobinatica  of  cetai, 
procBOcer,  and  air  exposure  was  tested  four  times.  Ihe  promoters  tested 
are  listed  in  Table  7. 

Ihe  effective  lives  of  the  promoters  were  found  to  be  inconsistent 
and,  generally,  comparatively  short,  the  average  life  varying  between 
50  and  300  hours;  except  for  Konel,  for  which  all  promoters  gave  very 
short  lives-  Ihe  general  nature  of  the  breakdown  strragly  suggested 
that  failure  was  caused  predoainantly  by  fouling. 

The  testing  was  extended  co  include  drop  promotion  by  promoter 
injection  into  the  steam  at  regular  intervals.  Using  100  cc  of  1% 
solution  of  pr<xw>ter  Uo-  9  of  Table  7  in  carbon  tetrachloride,  perfect 
dropwise  condensation  on  all  four  types  of  tubes  w^as  obtained  which 
lasted  for  100  hours.  Dropwise  condensation  was  maintained  continuously 
when  the  proxsocer  was  injected  every  100  hours  of  operation.  However, 
a  2%  solution  of  the  sane  compound  in  paraffin  maintained  perfect  drop- 
wise  condensation  for  a  year  of  continuous  opeiation  when  the  con  entra- 
tion  of  the  promoter  used  was  0.05  ppsi  of  the  stean  condensed.  Similarly, 
a  17*  solution  of  compound  No.  5  of  Table  7  produced  perfect  dropwise 
condensation  on  all  4  metal  surfaces  and  maintained  it  for  a  year  of 
continuous  operation  when  the  promoter  was  injected  at  regular  weekly 
intervals.  The  amount  of  promoter  used  was  0.01  ppm  of  the  steam 
condensed. 
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7.  SropfiM  Csofessasiico  gocmocers 
Crefercsce  3iy 


Sb. 

ISsme 

Foramla 

1 

Dloccm^ecyl  dlseleaf^e 

CisHjjSeSeC^y 

2 

Dificcadc^l  aanrfeace 

,3 

Mdoggcrl  cxirhicicarbcnace 

SA5®-'=-®®-'i*5 

4 

Bloc  cad  ecji  disslcbide 

5 

Tecr«k£s(£odecaaechio)silsae 

S7(S 

6 

DodecasgerisCeCbaze  chl&)silaas 

7 

0SS-cri->occadeca2e  pSioscSiorodichioaCfc 

(Cj^,0),=ssCi3a,j 

8 

Occadej^l  seleoqsranace 

CjgHjjSera 

9 

itaican  vzx 
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l&ese  esferisntncs  doze  fsreqceQC  cSeaaiag  o£  os5es  i&z 

ggea;s€*y  sczle,  ecc^^  ss^  ozc  be  cecesszs;  fcRT  coaciccgcs  d^opcirise  ccsof^- 
siirico^  Bocunsrxer^  ube  crrerall  c€>e££l<zi*nz  o£  hea^z  csrzasfer  tuas  faezsA  zzp 
decrease  vicb  cime^^  as  sSdsiud  in  Figpre  5  fer  brass  and  capra^aicScel  eebes 
ps£rg  rerra9ds(dcdeca:^rbio)siIane  as  tbe  preonrer^  7bzs,  iz  appears 
&5*ar  altnoc^""  injecri^  of  a  proanorer  ac  regnlar  inrer^als  scagr  be  sef- 
Ss^iaz  zo  premore  and  sxaincain  drpporise  ccofensacioa  for  conciisroos 
siperacifija,  cbe  condenser  scrface  will  bare  co  be  fret^nencly  degreased 
or  cleaned  zo  ensnre  rbe  benefics  of  dropwise  coodessacion  in  pre^^idir^ 
Eaigb  crerall  bear  cransfer  rares« 

Kaapsgn^  ccczdccred  a  sccdj  co  decerssfee  cbe  durability  o£  rariocs 
prcraocers  in  sLaincaining  dropwise  cctadensacioea.  Ee  concluded  char  imired 
prcoDCers  mairacafned  drepwise  condensacion  for  longer  periods  of  cine 
eban  single  prenmeers,  and  differenc  prccocers  bare  differing  effeccire^ 
ness  on  rarioess  necals. 

Srnne  and  Hitsken^^  condccced  an  irrrescigacion  inco  cbe  effecc  of 
dropwise  pronocers  oa  cbe  operacions  of  cooKznrcial  seawacer  evaporacors 
and  showed  igrprovenencs  in  cbe  orerall  coefficienc  of  bear  cransfer, 

"She^  concluded  cbac  a  receccion  of  30  percenc  in  Cbe  capital  cesz  of 
seawacer  eraporacors  conld  be  achieved  using  dropwise  condensation 
pronocers  recocnended  in  refer^ce  27,  To  escissace  the  effeccireness 
of  dropwise  ccncensacion  pronocers  in  cccsnercial  c^^ensers,  Snccher 
and  coworkers^^  cujndccced  cescs  on  cbe  condenser  of  a  350  kw  curbo- 
alcemacer  sec.  They  used  solucic^s  of  oixcures  of  scraigqc^chain  facty 
acids  of  high  inolecular  veigbc  in  liquid  paraffin  as  dropwlse  condensa- 
cion  pronocers  by  injecting  then  into  the  turbine  e^nzaust  stean  co  give 
a  total  co^^erage  in  cbe  condenser  of  about  1  nl/ft^  of  the  beat  transfer 
surface.  Ib^  observed  chat  inpr overeat  in  condenser  perfomance  was 
less  mrked  chan  that  obtained  in  snail  laboratory  rigs.  Ihe  improve- 
nenc  in  the  overall  coefficienc  of  heat  Cransfer  w'as  about  20%,  It  w'as 
suggested  chat  inprovenent  in  the  condenser  perfomance  was  linited  by 
the  winter  side  coefficient  and  the  netal  wall  resistance, 

3irc  and  coworkers^^  have  also  investigated  the  use  of  pronocers 
in  seawater  evaporators,  Iheir  full  scale  test  progran  shoved  that 
improvements  in  overall  heat  transfer  coefficients  of  jbout  30%  can  be 
achieved  by  using  dropwise  promoters.  They  concluded  that  injection  of 
dropvise  promoters  into  steam  is  a  valuable  technique  for  mincaining 
high  heat  f lures. 

Bliss  and  Harding^^  used  lard  oil  to  promote  dropvise  condensation. 
Similar  to  the  observations  of  Butcher, they  also  reported  that  ixaprove- 
zsents  in  heat  transfer  on  the  condensation  side  has  little  effect  upon 
the  overall  coefficient  of  heat  transfer  due  to  the  metal  t^all  resistance 
and  the  coefficient  of  heat  transfer  in  evaporation  on  the  other  side  of 
the  condensing  surface.  They  noted  substantial  improvements  in  the 
overall  coefficient  of  heat  transfe.  when  brine  was  maintained  under 
forced  circulation  on  the  cooling  side  of  the  condensing  surface. 
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Iroim  aad  Ihws^  coasjgered  the  effects  o£  low  absoloce  pressares 
on  tbc  coadcnsacioR  process.  Socia  pressares  are  osed  in  cbe  sceaai  turbine 
coedeucrs.  Tao  3/^-iacb  diaaeter,  42-lacbes  lo:^,  admiralty  bras'4  -ccbes 
were  need  as  coodeesing  tcbes  and  coated  oo  tbe  ontside  with  a  layer  of 
apprdaciaacelj  0.0001  iacb  taick  teflon  to  iadoce  and  saintain  drcpwise 
cODdcasatioa.  Ihey  focnd  tbe  overall  coefficient  of  beat  transfer  to 
increase  witb  cbe  absolcte  pressnre  for  bods  tbe  drcpwise  tbe  fils- 
wise  coodensatioos .  Ibe  overall  coefficients  in  dropwise  condensation 
were  foond  to  be  between  2  to  3  tines  those  for  filwrise  condensation. 

Ibe  fall^off  in  tbe  overall  coefficient  of  heat  transfer  with  falling 
prcssnrcs  was  wore  narked  for  dropwise  condensation  than  for  filnwise 
ccsgeMsandd. 

Segawera  and  Katsota^^  used  dinent&ylpolysiloxane,  £(CH3)2  SIOIq, 
aa  a  pronoter  on  a  copper  ccmdensing  surface  amd  observed  the  condensa¬ 
tion  process  nicroscopically.  The  copper  place  was  17  cn  x  4  cs  x  0,3  cn 
thick.  Their  ob^ervacion  coqfimed  the  escinaces  by  Velch  and  Vutwater^ 
of  the  critical  thickness  of  the  condensate  filn  to  be  between  0.4  and 
0.7  nlcron  (observed  ^.bs  =0.63  nicron)  and  the  critical  nuclei  diaanter 
calculated  fron  Facica  and  Katz^  equation,  8.8  nicron,  aneed  well  with 
Che  calculated  value  of  8.7  nicron  by  S2cComick  and  Baer.^^ 

Dolloff  and  Metzger^S  recently  conpleced  a  study  of  dropwise  coaden- 
saCion  of  sCeaa  at  bi^  pressures.  They  used  cupric  oleace  at  a 
coocentracioa  of  72  ppn  as  a  pronoter.  They  observed  chat  the  heat 
transfer  coefficient  bad  its  wavininf  value  at  low  AT  and  decreased  to  an 
essentially  constant  value  depending  cn  pressure  at  hi^  £1.  Slnilar  to 
the  observation  of  Brown  and  Thonas,^^  they  observed  an  increase  in  the 
coefficient  of  heat  transfer  with  an  increase  in  pressure  at  which 
condensaCiott  took  place. 

Increased  Heat  Transfer  Rate  by  Hechanical  Wiping 

Two  reports  were  published  in  1967  which  shoved  advantages  of 
periodic  wechanlcal  reaoval  of  steaa  condensate  fron  a  condensing  surface. 
The  concept  is  analogous  to  the  ordinary  autoaobile  windshield  wiper 
where,  with  proper  blade  design,  the  liquid  film  may  be  almost  completely 
rcsuved.  The  wiping  action  of  the  blades  provides  a  fresh  condensing 
surface  periodically.  Bauman^^  conducted  a  study  on  a  18  inch  diameter 
X  6  inch  high  cylinder  which  was  wiped  on  both  the  inner  and  outer 
surfaces  with  automobile  type  wiper  blades.  He  obtained  overall  coeffi¬ 
cients  of  heat  transfer  which  increased  with  the  viper  speed,  and  with 
the  coolant  velocity.  An  increase  in  the  overall  coefficient  of  heat 
transfer  of  60Z  was  obtained  at  a  wiper  speed  of  180  rpm  compared  to  its 
value  without  wipers.  Adamson4l  extended  the  work  of  Bauman  to  ship¬ 
board  application  of  the  principle.  He  has  suggested  the  use  of  wipers 
in  condensers  operating  at  various  load  cycles.  The  wiper  blades  would 
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zbea  be  engaged  curirsg  ceaS:  or  r:ear'-p&2&  lozid  c€>aciriocis  only.  Jze 
zepzTt,  decaiJts  several  cesigss  of  wiper  blades  for  shipboard  ^pplicarisr- 


Effecc  of  Cordeoser  Sorfacc 


As  early"  as  1535,  Erew,  !^gle  asrd  reparsed  she  effecc  of 

sarfare  fiaish  dropwise  ccadeasacica.  Iheir  eacperiifflencs  showed  t&at 
*/£ry  saocds,  or  polished  surfaces  ^daced  dropwise  coadensacioa,  even 
in  the  absence  of  oil  or  far^^  acids.  On  the  ocher  band,  chey  concl^ed 
chac  filrs  condensarion  can  occar  on  very  roi:gh  or  very  foul  surfaces 

1£  coared  vi^^i  ^il  or  farcy  acids.  Ic  dberefore  appears  chac  in 
ciie  absence  of  addici^es  or  prorocers,  ic  is  necessary  to  have  a  snooch 
surface  co  induce  dropwise  c-^aden^cioa. 

Hacxpsra-^  noted  that  a  norror  boiish  increased  che  life  of  a  brass 
surface  prococed  vich  oleic  acid  co  4  tines  rdr  :fuukes  with  nuabers 
3-0000  grades  of  enery  paper.  He  also  noted  chac  very  cleap  and  ssooth 
surface  accuaiiy  cetised  filc&rise  cond^sacion  ac  first  ^ich  larcr  changet 
CO  dropwise  condensaeicn  due  co  inpurlcies  in  che  scean. 

ihe  basic  cechanisrs  of  prccocion  and  naincenance  of  dropvise  conden- 
sacion  lies  in  che  fact  that  Che  condenser  surface  should  be  nonweccable 
CO  che  cQTbdensfstg  vapor.  surface  creacceat,  including  application 

of  dropvise  prcrocers,  which  will  cause  the  surface  co  becocae  ac^vettable 
will  be  effective  in  prcoociag  dropvise  coadeasatioti.  Therefore,  it 
becoces  apparent  chat  Che  nature  of  the  icetal  surface  and  zaterial  deter- 
aines  to  seas  extent  if  a  given  proacter  will  be  successful  in  preacting 
dropwise  condensation.  Haapsoa^  has  confirced  this  in  his  experioents 
in  which  he  shewed  that  the  use  of  different  pronorers  on  the  saae  iceCal 
surface  car^sed  dropvise  condensation  for  different  durations  in  tine. 

He  noted  that  using  a  aixture  of  oleic  acid  and  light  lubricating  oil  as 
a  proaoter  on  che  surfaces  of  jsirror  saooth  chroae-plated  copper  and 
No.  0  eaery  paper  treated  stainless  steel,  the  useful  promoter  life  for 
chroae-piated  copper  was  twice  as  long  as  for  stainless  steel.  He  also 
found  that  a  procioter  ef  soxe  sort  vas  necessary  for  dropwice  condensation 
and  that  highly  polished  surface  alone  will  not  cause  dropwise  condensa¬ 
tion.  His  observatioti  appears  to  be  contrary  to  those  of  Drew,  Nagle 
and  Smith. However,  this  difference  may  well  be  caused  by  degree  of 
surface  polish  and  cleanliness  observed  during  tests. 

Misra  and  Bonilla^-  observed  in  their  experiments  with  condensing 
mercury  vapor  on  different  surface  that  it  condensed  in  a  dropwise  manner 
on  carbon  steel  and  stainless  steel  surfaces,  and  in  a  filmwise  manner 
on  nickel  and  copper  surfaces.  They  noted  with  the  stainless  steel 
condensing  surface  that  even  extreme  care  in  cleaning  the  surface  did  not 
produce  filmwise  condensation. 

An  elaborate  study  of  surface  characteristics  to  determine  the 
nucleation  sites  for  dropwise  condensation  has  been  reported  by  IlcCormick 
and  Westwater.^  The  nucleation  of  water  drops  during  dropx^ise  condensation 
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VMS  Studied  oa  a  borizocttal  surface  of  copper  coated  vitb  a  aonolayer  of 
bexizyl  aercaptaa.  Photographic  evidssce  showed  th^t  drops  nucleated  • 
at  natnral  cavities  on  the  condenser  surface.  Sooe  cavities  were  nuclea- 
ticn  sites  because  ch^  contained  trapped,  liquid  water.  Is  addition, 
the  authors  found  that  the  cavities  produced  bj  needles  and  by  spark 
erosion  and  scratches  sude  on  the  surface  also  nucleated  drops.  Ihese 
cxperiaents  were  extended  to  include  the  effect  of  ssall  solid  particles 
oa  the  condenser  surface. 

Ihe  authors  studied  the  bdiavior  of  37  possibic  sites  in  the  photo¬ 
graphic  study.  Out  of  this  total  of  37  sices,  sir  were  fourd  to  nucleate 
froa  2  to  5  tines  after  which  these  sites  becarie  inactive.  In  a  total 
of  8  runs,  they  found  six  sites  which  did  nor  nucleate  at  all,  and  4 
sites  which  nucleated  in  7  runs.  Drops  also  appeared  froo  other  locations 
on  the  surface  which  could  not  be  identified  as  nucleaCion  sites  froa 
photographs  of  the  surface.  Ih^  concluded  that  drops  nucleate  at 
preferred  sites  during  dropwise  condensation. 

To  study  the  effect  of  ssall  particles  on  the  condenser  surface, 
particles  of  24  different  naterials  were  tested  for  effectiveness  as 
nocleacion  centers.  Ihe  particle  density  in  these  tests  varied  between 
800  amd  55,000  particles  per  square  centioeter.  They  found  that  the 
nucleation  characteristics  of  a  particle  was.  independent  of  Che  particle 
density  whereas  nucleation  ability  among  various  kinds  of  particles  varied 
substantially.  Ihe  relative  o^der  of  nucleating  abilities  of  these 
particles  was  explained  by  the  net  heat  of  adsorption.  A  positive  net 
heat  of  adsorption  of  the  vapor  on  the  solid  was  assumed  to  mean  a 
spontaneous  process.  Nucleation  of  drops  'fas  found  to  occur  on  particles 
of  13  suterlals  having  positive  net  heats  cf  adsorption.  For  the  insolu¬ 
ble,  vettable  particles,  a  size  range  of  active  nucleation  sites  of 
about  2(1---  30)ivas  observed. 

McCormick  and  Westwater  showed  in  a  later  paper^  that  at  a  particular 
pressure  and  temperature  difference,  the  heat  flux  increases  with  an 
increase  in  the  population  of  active  sites  on  the  surface.  However,  as 
the  population  of  active  sites  increases,  the  crowding  effect  reduces 
the  growth  rate  for  each  new  drop  added  to  the  total.  It  was  estimated 
that  when  an  active  site  density  of  between  3  x  10^  t  3  x  10^  per  sq  in 
is  reached,  the  coefficient  of  heat  transfer  in  dropwise  condensation 
reduces  to  an  extent  that  it  equals  the  value  for  fXltvise  condensation, 
thereby  eliminating  the  improvements  normally  expected  in  dropwise 
condensation.  In  addition,  the  authors  observed  that  the  number  of 
active  sites  depends  on  the  surface  preparations  and  its  subcooling. 

This  behavior  of  sites  in  condensation  seems  analogous  to  their  behavior 
in  nucleate  boiling. 


26 


CX»«£RCIAL  APPLICAXIOKS  OF  DROWISE  COKDEliSAUOll 
Full  Scale  Tests 

Host  of  the  published  work  in  filcs/ise  or  dropvise  condensation  has 
been  licaited  to  single  tube  or  plate  condensers  under  idealized  labora¬ 
tory  conditions.  However,  a  ferj  reports  have  been  published  uhich 
detail  tests  conducted  on  full  scale  cooEcercial  condensers. 

Tests  using  octadecylanine,  G2gH37KH2,  as  a  dropvise  condensation 
proflBoter  on  a  full  scale  steam  plant  have  been  reported  by  Tanzola  and 
Weidmsn.^^  As  discussed  earlier,  an  increase  of  between  100  to  200 
percent  in  the  overall  coefficient  of  heat  transfer  was  obtained*  In 
the  drying  machine  of  the  paper  mill  where  these  tests  were  conducted, 
an  average  reduction  of  10  percent  in  steam  requirements  was  secured 
through  the  application  of  octadecylanine.  The  authors  also  noted  a 
sharp  reduction  in  corrosion  of  the  condenser  tubes. 

Blackman,  Dewar  and  Hampson^^  conducted  rests  of  three  drop-promoting 
compounds  on  a  marine  condenser.  The  three  compounds,  dodecane thiol, 
C12H25SH,  tridodecyl  phosphorothioite,  decamethylene 

di(ethylxanthate),  C2H50*CS*S- were  applied  on  the 
top  surface  of  about  30  tubes  in  the  condenser.  The  tubes  exhibited 
dropwise  condensation  for  over  2  years  of  operation. 

Watson,  Brunt  and  Birt^O  postulated  the  requiremehts  for  a  materia] 
to  be  used  as  a  drop-promoter  in  a  full  scale  steam  pjant  as  follows: 

-  both  the  material  and  any  carrier  shcald  be  compatible  with 
the  steam  plant, 

-  it  should  be  inexpensive  and  non toxic, 

-  it  should  not  require  specially  cleaned  surfaces,  and  should 
maintain  a  clean  condensing  surface  during  use, 

-  it  should  have  a  long  useful  life,  and 

-  it  should  produce  a  substantial  increase  in  the  steam-side 
heat  transfer  coefficient  in  a  reasonable  time. 

Based  upon  these  requirements,  they  rejected  the  usefulness  of 
simple  hydrocarbons,  fatty  acids,  sulphur  containing  hydrocarbons  which 
are  injected  in  solvents  such  as  carbon  tetrochloride,  and  filming 
amines.  They  concluded  that  waxes  derived  from  plants  are  the  best 
available  dropwise  condensation  promoters,  details  of  which  have  been 
given  earlier. 

A  series  of  life  tests  were  reported  by  Osment  et  al^l  using 
industrial  steam  condensing  in  a  power  generating  plant  and  in  a  marine 
condenser,  as  discussed  earlier.  Brunt  and  Minken^^  and  Birt  et  al3A 
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have  reported  a  reduction  of  about  2VL  in  the  capital  cost  of  seawater 
evaporators  if  dropwise  condensation  proooters  were  used  whereas  Butcher 
et  al^^  reported  an  increase  of  about  20Z  in  the  overall  coefficient,  of 
heat  transfer.  In  short,  savings  of  up  to  30^  could  be  obtained  in 
coasercial  condensers  with  the  proper  application  of  the  existing  know¬ 
ledge  of  dropwise  condensation  prosoters. 

Effect  of  Corrosion  Inhibitors 

Corrosion  films  on  metal  surfaces  in  -condensation  are  usually 
formed  by  oxidation  of  a  thin  layer  of  the  metal  surface.  These  metal 
oxides  generally  nave  low  thermal  conductivity  thereby  offering  a 
significant  resistance  to  heat  transfer.  The  net  result  is  that  even 
if  condensing  co'^fficients  are  increased  by  an  order. of  magnitude,  the 
net  Increase  in  the  overall  coefficient  of  heat  transfer  is  very  small. 
If  the  metal  surface  could  be  protected  from  oxidation,  a  substantial 
portion  of  the  increase  in  condensation  coefficient  due  to  drop  forma¬ 
tion  could  be  translated  into  an  increase  in  the  overall  coefficient 
of  heat  transfer. 

Some  organic  dropwise  condensation  promoters  have  been  found  to  be 
corrosion  inhibitors  as  well.  Filming  amines  afford  corrosion  control 
by  the  formatio.i  of  a  nonwectable  film  over  the  condenser  surface. 

Since  these  amines  do  not  function  by  neutralization  of  carbonic  acid, 
their  performances  are  independent  of  dissolved  gas  concentration. 

The  commonly  employed  corrosion  inhibitors  are  straight  chain 
primairy  amines  of  10-18  carbon  atoms  in  their  molecules,  or  their  salts. 
Octadecylamines  used  by  Tanzola  and  Weidman^^  are  about  the  most  effec¬ 
tive  commercially  available  filming  inhibitors.  These  amines  have  been 
known  to  also  lift  or  loosen  and  displace  existing  corrosion  deposits 
on  the  condenser  surface.  The  usual  effective  concentration  is  about 
1-3  ppm  of  the  condensate.  Since  these  amines  are  also  dropwise  conden¬ 
sation  promoters,  large  Increases  in  the  overall  coefficients  of  heat 
transfer  have  been  obtained  with  their  use.  A  third,  and  indirect 
benefit  of  corrosion  inhibitors  is  that  they  increase  the  condenser  life 
significantly. 

Requirements  for  Practical  Use  of  Dropwise  Condensation 

For  proper  application  of  dropwise  condensation  to  commercial 
condensers,  it  will  be  necessary  to  carry  out  life  test  on  full  scale 
condensers  under  actual  operating  conditions.  To  be  acceptable,  the 
condenser  must  be  capable  of  producing  dropwise  condensation  for  the 
life  of  the  equipment  and  require  only  a  minimum  of  special  handling 
or  servicing.  It  must  yield  uniform  improvement  in  heat  transfer  on  a 
continuous  basis  and  must  not  cause  corrosion  by  reason  of  dropwise 
condensation  promoters. 


NOT  REPRODUCIBLE 


Ideally,  dropwise  condensation  will  be  laost  successful  if  cne 
condenser  tube  isacer  al  could  be  inherently  capable  of  producing  Jr^ 
wise  condensation,  or  a  pernsanent  coating  inight  be  applied  at  the  t.'"- 
of  manufacture  to  promote  drop:,ase  condensation  with  a  substantial 
increase  in  heat  transfer  for  the  life  of  the  equipment  without  bisir.g 
affected  by  sCeam  impingement,  fouling  or  deterioration.  TJeither  o' 
these  approaches  have  been  successful  so  far. 

Ac  this  time,  the  most  suitable  method  appears  to  be  the  intermi.ttent 
application  of  the  dropx/ise  promoter  compound.  The  compound  could  be 
introduced  into  the  condenser  ei*"har  by  spraying  it  onto  the  tube 
surfaces  periodically  or  by  adding  it  to  the  steam  source  as  a 
predetermined  proportion  of  the  condensate. 

An  area  of  research  which  appears  promising  is  the  effect  of  vibra¬ 
tion  of  the  condenser  surface  on  coefficients  of  heat  transfer  in  film- 
wise  and  dropv/ise  condensation.  Although  effects  of  vibration  on 
coefficients  of  heat  transfer  in  boiling  have  been  investigated 
many  authors,  no  such  investigation  appears  to  have  been  carried  out  in 
condensation.  It -appears  feasible  that  vibration  of  the  heating  surface 
at  an  appropriate  frequency  and  amplitude  may  cause  break-up  of  the 
liquid  film  in  filim^ise  condensation  to  form  drops,  thereby  increasing 
the  heat  transfer  race.  Furthermore,  vibration  of  che  condenser  surfac*^ 
in  axopwise  condensation  may  accelerate  drop  formation,  reduce  the  drop 
size  liecessary  *^or  sliding  down  the  condenser  surface,  and/or  increase 
the  sliding  velocity  of  the  droplet. 

A  saving  in  the  capital  cost  of  condensers  of  around  30%,  observed 
earlier,  is  substcuitial  and  investigation  must  be  continued  to  realize 
this  saving  in  seawater  evaporators,  marine  condensers,  and  other  comr 
mercial  applications.  The  investigation  should  also  determine  if  che 
cost  of  promoting  dropwise  condensation  is  offset  by  the  savings 
obtained  by  reduction  of  the  condenser  size. 


CONCLUSIONS 

1.  Heat  transfer  rates  in  dropwise  condensation  are  significantly 
higher  than  those  obtained  in  filmwise  or  mixed  c»mdensation, 

2,  Condensation  on  pure,  chemically  clean  metal  surfaces  is 
filmwise.  Very  smooth  and  highly  polished  surfaces  can  also  canr.e 
filmwise  condensation.  Compounds  which  make  the  condenser 
nonwettable  are  good  dropwise  condensation  promoters  when  applied 
to  the  condenser  surface. 
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3.  Under  laboratory  conditions,  some  permnent-type  coatings,  e.g., 
^teflon,  gold,  silver,  have  bem  found  to  be  effective  dropwise 

condensation  promoters.  However,  the  effective  lives  of  some  of. 
these  Procters  have  been  short,  possibly  due  to  surface  foiling  or 
reMval  of  the  coating  in  service.  Furthermore,  the  effectiveness 
of  permanent-type  promoters  In  maintaining  dropwise  condensation  is 
limited  by  their  low  thermal  conductivity  and  the  coating  thickness. 

4.  Generally,  organic  compounds  which,  when  oriented  at  the  metal  surface 
in  a  monolayer  and  presented  an  "unhindered"  hydrocarbon  surface  to 
the  steam,  were  successful  in  promoting  dropwise  condensation.  The 
surface  active  or  anchoring  group  usually  contains  a  divalent  sulphur 
or  selenium  atom.  A  nuiid>er  of  such  organic  cpmpounds  have  been 
found  which,  when  applied  to  the  tube  surface  or -fed  periodically 
into  the  steam  stream,  are  effective  dropwise  condensation  promoters 
for  long  periods  of  time. 

5.  Only  those  substances  which  are  strongly,  .adsorbed  on  the  condensing 
surface  are  significant  dropwise  condensation  promoters.  .For 
example,  mineral  oils,  alcohols,  organic  nitrogen  compoun'^s,  end 
halides  are  ineffective  in  promoting  dropwise  condensation  whereas 
high  molecular  weight  fatty  acids  and  natural  waxes  derived  from 
plants  are  good  promoters  of  dropwise  condensation. 

6.  Heat  transfer  coefficient  can  be  increased  by  mechanically  wiping 
the  condensing  surfaces  at  frequent  intervals,  the  improvement  being 
proportional  to  the  wiping  frequency. 

7.  Corrosion  inhibitors  which  also  form  a  nonwettable  layer  on  the 
condenser  surface  are  ^st  suitable  for  achieving  dropwise  condensa¬ 
tion  and  high  overall  coefficients  of  heat  transfer. 

8.  The  published  information  on  the  durability  and  behavior  of  dropwise 
condensation  promoters  is  incomplete  and  inconclusive. 

9.  The  applications  of  condensation  promoters  are  enomous.  For  example, 
experiments  with  comuerclal  seawater  evaporators  have  shown  that 
improvements  in  the  overall  coefficient  of  heat  transfer  by  using 
dropwise  condensation  "promoters  can  reduce  the  capital  cost  of,  such 
equipments  by  30%  or  more.  However,  due  to  a  lack  of  needed  informa¬ 
tion  on  dropwise  condensation  promoters,  they  are  usually  not  used 

,ln  industrial  practices. 

10.  Further  research  is  necessary  to  deteralne  durability  and  effective¬ 
ness  of  dropwise  promoters  under  a  variety  of  industrial  conditions. 
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11.  It  is  possible  that  vibration  of  the  condenser  surface  may  increase  ' 
heat  transfer  rates  accelerating  drop  formation,  reducing  drop 
size  necessary  for  sl'l^ding  down  the  condenser  surface,  and/or 
increasing  the  sliding  velocity  of  the  droplet  in  dropwise  condense* 
ticn.  Vibration  of  the  heating  surface  in  filmwise  condensation  nay 
cause  break  up  of  the  liquid  film  to  fom  drops  and  increase  heat 
transfer  rates. 


RECOMMENDATIONS 

1.  Current  research  and  development  programs  to  increase  the  useful 
life  of  permanent  type  coatings  and  organic  promoters  should  and  no 
doubt  will  be  continued.  No  major  breakthrough  in  the  way  of  new 
coatings  or  promoters  is  in  sight.  Consequently,  the  area  of  greatest 
potential  advancement  is  in  the  use  of  vibrations  or  wiping  techniques. 
It  is,  therefore,  recommendied  that  an  experimental  program  be 
initiated  to  evaluate  the  effects  of  vibrating  (condenser  surfaces* 
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Water  velocity,  fps 

Figure  2,  Performance  of  various  coatings 
in  condensation. 
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Water  velocity,  fps 


Figure  3.  Overall  heat  transfer  rates  in  condensation 
with  and  without  teflon  coating. 


Figure  4.  Thermal  reslstancea  in  a 
typical  condenser  systm. 
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Figure  5.  Overall  heat  transfer  coefficient 
after  injection  of  Si(SC]L2^25)4 
in  a  test  condenser. 
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